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Prestressed stayed columns (PSCs) are structural
systems whose compressive load-carrying capacity
is enhanced through pre-tensioned cable stays.
Much research has demonstrated that PSCs buckle
subcritically when their prestressing levels maximize
the critical buckling load of the theoretically perfect
arrangement. Erosion of the pre-tensioned cables’
effectiveness (e.g. through creep or corrosion) can
thus lead to sudden collapse. The present goal is
to develop a structural health monitoring (SHM)
technique for in-service PSCs that returns the current
structural utilization factor based on selected probing
measurements. Hence, PSCs with different cable
erosion and varying compression levels are probed
in the pre-buckling range within the numerical
setting through a nonlinear finite element (FE)
model. In contrast to the previous work, it is found
presently that the initial lateral stiffness from probing
a PSC provides a suitable health index for in-service
structures. A machine learning-based surrogate is
trained on simulated data of the loading factor, cable
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erosion and probing indices; it is then used as a predictive tool to return the current utilization
factor for PSCs alongside the level of cable erosion given probing measurements, showing
excellent accuracy and thus provides confidence that an SHM technique based on probing is
indeed feasible.

This article is part of the theme issue ‘Probing and dynamics of shock sensitive shells’.

1. Introduction
Prestressed stayed columns (PSCs), as shown in figure 1, comprise a slender main column and
a system of cross arms reinforced by tensioned cables. PSCs are well known for their aesthetic
appearance, high efficiency and speed/ease of construction [3–5]. In recent decades, they have
been used in many engineering projects, some of which have entered their second or third decades
of service [6]. Owing to their slender structural form, their governing failure mode is generally
through buckling instabilities [7,8]. Previous works [9–14] have demonstrated that the perceived
optimum design, where the critical buckling load is maximized, may lead to dangerously
unstable interactive post-buckling behaviour and a high degree of imperfection sensitivity [15].
Commercial FE packages with robust nonlinear solvers can predict the performance of the PSCs
accurately in these scenarios [5,7]. However, as far as the authors are aware, little research work
has been conducted to assess their performance in-service, i.e. to assess the in situ load-carrying
capacity when affected by temporal effects such as structural deterioration from corrosion or loss
in prestress from cable creep/relaxation. Considering the potentially severe consequences of a
structural failure on public safety and the extent of the intended design lifespan of PSCs, it is,
therefore, prudent to develop a robust, efficient and economic structural health monitoring (SHM)
technique to assess their performance. The aim of the current work is to develop such a technique
based on a new strategy for probing the stability landscape of PSCs.

Most existing non-destructive SHM techniques in civil engineering are based on the
measurement of the dynamic characteristics of structures, using ambient or forced vibration
methods [16–20]. However, for slender structures governed by buckling instabilities, a testing
approach based on vibrations can introduce errors arising from noise, damping and inertia, and
therefore fail to provide the required information about the remaining service life of the structure
[21]. By contrast, a straightforward approach based on the expected bifurcation landscape of a
tested structure, and deviations thereof, may be more suitable for assessing the current in-service
utilization factor defined as the ratio of the applied load to the ultimate load.

(a) Development of the probing methodology
Thompson et al. [22,23] proposed a non-destructive technique to estimate the buckling resistance
of shells—structures that are notoriously sensitive to initial imperfections—by probing them
laterally. The probing force stimulates a single dimple in the shell wall—a deformation
mode that has been identified to play a central role in the onset of buckling [24,25]. This
technique has been implemented experimentally to assess the load-carrying capacity of axially
compressed cylindrical shells [1,2,26]. Specifically, relationships of the probing force Fp versus
the corresponding displacement δ at different normalized axial compression levels P/Pult were
measured, as shown in figure 1b (adapted from [2]). The locus of points connecting the maxima
in the probe force–displacement curves—which intuitively describes the stiffness of shells in
resisting lateral perturbations—is a fold line; in this case, also called a ‘ridge’ [2,27] owing to
the shape of the surface in figure 1b. By determining points on this ridge for different levels
of axial compression and extrapolating the ridge to the point where the probing reaction force
reaches zero, the buckling load of the cylinder being tested can, in principle, be determined
[1,2,28]. In this manner, the actual buckling load of an imperfect cylinder can be extrapolated
without inducing the unstable buckling event. The accuracy and reliability of ridge tracking in
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Figure 1. (a) Triple-bay PSC used as roof supports in the former Eurostar terminal in Waterloo Station, London. Probing
landscape showing equilibrium paths of probe force Fp versus probing displacement δ for (b) cylinders, and (c) PSCs, with
varying utilization ratio P/Pult, where Pult is the current ultimate load-carrying capacity of the structure. For cylinder probing,
the maximum points of the probe force–displacement curves are the key indices for non-destructive testing [1]. For probing
of PSCs, the first kink in the probe force–displacement curves and the slope of the probing curve before the first kink are the
probing indices to estimate the ultimate load. Photograph (a) courtesy of Dr Daisuke Saito, diagram (b) is adapted from ref. [2].
(Online version in colour.)

assessing the load-carrying capacity largely depends on the probing location and the imperfection
distribution of the tested shells [26]. In practice, a surface scanning device is required to obtain
the imperfection profile of the shell and determine the best probing location (or locations), where
the sharpest imperfection resides [29,30]. As a result, inadvertent buckling and collapse of the
cylinder during a test is possible if the cylinder is probed at the wrong location [1]. Moreover,
this probing method, as currently devised, requires variations of the compression level in the
tested structure, which would be practically very difficult to achieve in PSCs in-service. Finally,
this probing method needs a relatively large probing displacement to reach the ridge, requiring
potentially very stiff and bulky apparatus where probe forces themselves could potentially
compromise the integrity of the in situ structure—a totally unacceptable scenario.

An important prerequisite of the probing method, which has been generally overlooked
by preceding researchers, is the concept of shape control over critical modes of instability [31].
Consider a generic structure with a tangential stiffness matrix KT (derived computationally or
probed experimentally). At the first instability, this matrix becomes singular with at least one
zero eigenvalue and corresponding critical eigenvectors that describe the buckling modes. Hence,
if a structure is probed at the point of buckling in a manner that imposes the critical buckling
mode, then the resistance measured by the probing actuators will, by definition, be zero. For
loads less than the buckling load, the measured resistance will be positive, indicated by a positive
slope of the probing force versus probing displacement path or a positive value of the ridge
force, and will thus sample a specific stiffness component of the structure in the direction of the
applied probing mode. If the induced probing mode does not reflect the buckling mode—i.e. the
eigenvector of KT with the smallest associated principal direction of stiffness—then the measured
stiffness increases. In essence, the imposed probing mode is a modal combination of eigenvectors
rather than purely aligned with the critical eigenvector of smallest principal stiffness. As a result,
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extrapolating measurements of the ridge force—as is currently being proposed in ridge tracking—
will always over-predict the true buckling load unless the appropriate shape control is exerted over
the structure by the probes.

On the basis of the concept of shape control [31], Shen et al. [30,32] proposed a methodology to
generalize the design of probing strategies to investigate the bifurcation manifolds of generic
nonlinear structures. This experimental methodology uses multiple probes, which enables
the formulation of the experimental tangential stiffness matrix of the tested structures and
the investigation of tortuous bifurcation manifolds of structures with complex post-buckling
characteristics. The effectiveness of the technique has been demonstrated numerically with
several benchmarks, including a three-bay PSC, where three independent probes, i.e. at quarter-
height, mid-height and three-quarter-height, were used to trigger and subsequently control the
symmetric and antisymmetric post-buckling modes [33]. However, even though this advanced
probing technique has been demonstrated to be successful, robust and able to deliver additional
information about the nonlinear structural response, the required procedures may, in general, be
too complex or even inappropriate for structures that are in-service. Therefore, modifications to
both probing techniques outlined earlier are required for in situ SHM applications.

(b) Probing as a generic technique for structural health monitoring
In most cases, structural engineers are primarily concerned with the structural utilization factor
(the currently applied load divided by the ultimate load-carrying capacity), and also to some
extent the overall structural stiffness. Accordingly, and focusing on PSCs, the aim of this
work is to develop a simple and reliable non-destructive monitoring technique to establish
a relationship between probing measurements and the utilization factor, as well as levels of
temporal deterioration. In addition, the goal is to overcome constraints imposed by shape control
in successfully applying ridge tracking, thereby minimizing the number of probes required.

Key to the currently proposed approach is the insight that probing allows a tangential stiffness
component to be measured that is associated with a certain deformation mode. So long as one
or multiple probing measurements are related to the state variables of interest (utilization factor,
cable degradation), these tangential stiffness components can be used for health monitoring, as
has, for example, been successful in vibration-based SHM [21]. Currently, probing is used at a
single location, or sequential probing at multiple locations, to determine individual tangential
stiffness components of a three-bay PSC. The measured stiffness components are defined as
probing indices and, crucially, need not reflect the tangential stiffness in the direction of the critical
buckling mode. As such, tracking of a ridge force to a zero value is not required. Instead, statistical
relations between the probing indices and certain state variables are determined by regression
using artificial neural nets in a machine learning (ML) surrogate. Once the surrogate has been
trained with sufficient data, such as from numerically simulating the effects on a particular
PSC from different axial loads, the condition of a PSC in-service, i.e. the utilization factor and
the severity of defects, can be identified using discrete probing measurements. Compared with
the ridge tracking and experimental continuation approaches, the proposed method greatly
simplifies the probing system and procedure. Specifically, instead of multiple probes working
simultaneously to achieve shape control, only one probe or a probe pair is used for probing
discrete locations sequentially. Moreover, compared to the case of probing for ridge tracking, only
the initial probing stiffness is determined, which requires small displacements and, therefore,
probing apparatus can be smaller in size and less intrusive perturbations would be required for
monitoring purposes.

The remainder of this article is structured as follows. Section 2 presents the problem, the
development of the FE model and the probing technique, while in §3, the response of PSCs
under probing is presented, and the results are discussed. The implementation of the ML
framework, which focuses on predicting the in situ utilization factor of PSCs and the deterioration
of the cables, is developed in §4 with results discussed in §5. Finally, conclusions are given
in §6.
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Figure 2. (a) Triple-bay PSCs with geometric definitions. (b) Symmetric (Mode S) and antisymmetric buckling (Mode A)
eigenmodes. (c) Probe layout for the triple-bay PSC for the SHM technique. Note that the probes allow rotations and vertical
displacements to prevent reactionmoments and vertical reaction forces that would perturb the equilibrium path. Note that the
probes only represent the location where the PSC is probed. In the present scheme, only one probe or a probe pair is needed for
probing these locations sequentially. (d) Equilibriumpath of the perfect PSCwith properties presented in table 1, where PC is the
critical buckling load of the PSC and with the labelled stability based on displacement-controlled loading. The full equilibrium
manifold diagram can be found in [33]. (e) Deformation profiles at selected equilibria labelled in (d). (Online version in colour.)

2. Model development and analysis procedure
In the current work, a triple-bay PSC under axial compression is considered, as shown in figure 2a.
The main column member is of length L and is assumed to have a circular hollow cross section
with external diameter φco and internal diameter φci. The cross arms are uniformly spaced
along the column length with the outer ones being of length ae, with ae < am3, where am3 is the
length of the middle cross arm. The material and geometric properties of the PSC are based
on those in a previous study [33] and are presented in table 1. As shown in the displacement-
controlled equilibrium manifold of figure 2d, in this configuration, the critical buckling mode
of the PSC is antisymmetric, and the initial post-buckling behaviour is weakly stable. A
secondary bifurcation point on the post-buckling path, with the newly triggered eigenmode
being symmetric, leads to an unstable snap-back response and a sharp drop in the load-carrying
capacity [13].

Owing to this subcritical post-buckling behaviour, the PSC can be probed from any point
along the fundamental pre-buckling path to assess the energy barrier between fundamental
and post-buckling equilibria at the same axial compressive load P. However, the success of
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Table 1. Material and geometric properties of the prestressed stayed columns.
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Young’s modulus of the main column and cross arms Ec = Ea = 210 kN mm−2
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Young’s modulus of the stays Es = 202 kN mm−2
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Yield stress of the main column fy = 355 MPa
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Outside diameter of the main column and cross arms φco = φao = 38.1 mm
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Inside diameter of the main column and cross arms φci = φai = 26.3 mm
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Diameter of the stays for triple-bay column φs = 2.5 mm
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Length of the main column for triple-bay column L= 5080 mm
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Length of the edge cross arm for triple-bay column ae = 406.4 mm
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Length of the middle cross arm for triple-bay column am3 = 508 mm
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Prestress in the cables σs = 400 N mm−2
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

the probing technique is strongly dependent on the control that the applied probing forces
exert over the overall shape of the structure [30]. Considering the nonlinear interaction between
symmetric and antisymmetric modes in the post-buckling range, as shown in figure 2e, it
was demonstrated in [33] that three independent probes are required to control the coupled
deformation mode on the unstable post-buckling path. As a result, three independent probes
are ideally needed to determine the ultimate load accurately by ridge tracking in the probing
stability landscape. However, owing to the practical complexity involved in synchronizing three
probes on-site, a single probe, or at the most, a pair of synchronized probes, is considered
hereinafter.

Furthermore, estimating the ultimate compressive load of PSCs using the ridge-tracking
probing approach as previously proposed in the literature [2,27] would require variation of the
axially compressive load. However, modifying the axial loading of columns in-service is not
practical. Therefore, an alternative approach is proposed that does not require the variation of
the axial compression level, which, nonetheless, still aims to develop a relationship between
key characteristics (defined as probing indices) of the probing force–displacement equilibrium
curve and the structural utilization factor of PSCs. In addition, the probing indices are correlated
with the severity of cable stiffness erosion from, say, corrosion, such that the structural
health condition of PSCs can be assessed by probing the main column laterally at selected
locations.

(a) Finite element modelling
The commercial FE software ABAQUS [34] is used to model the PSCs. The column and cross
arms are modelled with Timoshenko beam elements with linear interpolation functions (‘B21’
in the ABAQUS element library). The stays are modelled with two-node truss elements (‘T2D2’
in the ABAQUS element library), with the ‘no compression’ option enabled to ensure that the
elements can only resist tension. The prestress in the stays is modelled as an initial condition.
The main column is simply supported; the cross arms are rigidly connected to the main
column; and the stays are pinned to the ends of the main column and the cross arms. The
static Riks solver [35] was implemented within ABAQUS Standard; following a mesh sensitivity
study, an arrangement comprising 40 beam elements per column segment divided by the
cross arms, 20 beam elements per cross-arm segment and a single truss element per stay
has been demonstrated to be sufficiently accurate when verified by comparison with previous
analytical [13] and numerical studies [36,37], whose FE models were in turn calibrated against
experiments [7].
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Figure 3. Response of PSCs with different cross-sectional areas of stays As representing a loss of stay stiffness from corrosion;
As,p corresponds to the case without any erosion in properties, i.e.φs = 2.5 mm. (a) Equilibrium diagram of axial force against
vertical displacement of the top-node normalized by PSC length ua/L for the different configurations. (b) Sensitivity of the
ultimate load-carrying capacity drop to the stay stiffness drop with the drop in peak ultimate capacity normalized with Pult,p,
the ultimate load for a PSCwith uncorroded cables. Note that the geometry andmaterial parameters of PSCs are the sameexcept
for the stay diameters. (Online version in colour.)

(b) Imperfections and in-service performance deterioration
Typically, PSCs in-service have a variety of different imperfections, such as geometric
imperfections arising from material production, fabrication and handling during erection; non-
uniformity of tension in the stays or uneven settlement at the foundation. Herein, only geometric
imperfections are considered such that the feasibility of the presently developed approach is
studied without needlessly complicating the discussion, while more intricate details are left for
future work. The imperfection profiles are assumed to be affine to the symmetric (Mode S)
and antisymmetric (Mode A) linear buckling modes, shown in figure 2b, with the size of the
imperfections assumed to be of the order of those typically observed in manufactured specimens
[15], i.e. L/1000 with L being the column length. Imperfections are introduced in the FE models as
geometric perturbations using the ∗Imperfection keyword.

The deterioration of the cables with time (e.g. through creep or corrosion) is represented by
a reduction in the initial prestress Tin within stays as well as by the loss of stay stiffness EsAs,
which is implemented through a reduction in stay cross-sectional area As. Instead of modelling
the deteriorating effects across time, a series of FE models are developed with the reduced
initial prestress and stay stiffness applied directly, i.e. through a parametric approach. It is found
that the loss in the effective area of the cables is the most crucial parameter among the two
presently considered in terms of loss in load-carrying capacity when compared with the original
configuration. Thus, the remainder of this study focuses on probing of PSCs with reduced stay
cable areas, while details of the numerical study of the deterioration of prestress can be found in
the electronic supplementary material. As indicated earlier, a more realistic analysis on probing
PSCs in-service, considering non-uniform deterioration in combination with other deterioration
factors, is left for future work.

The results from the parametric study on reducing the stay cross-section area (from the full
area without erosion As,p to 0.05As,p) in all cables are shown in figure 3. Each curve in figure 3a
represents a PSC with a reduction in stay stiffness EsAs from the initial case EsAs,p. For each
PSC geometry considered, a sensitivity study was conducted to determine the combination of the
symmetric and antisymmetric buckling modes, based on previous interaction models presented
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Figure4. Analysis procedure for determining the probing landscape of PSCswith respect to the loss in cable stiffness EsAs under
different axial compression levels. The results of the extensive parametric study is used as the training and verification dataset
for the machine learning model. (Online version in colour.)

in [10], that lead to the lowest ultimate load, and the corresponding equilibrium paths are plotted
in figure 3a. The drop in peak load-carrying capacity, Pult, shown as a function of loss of stay
stiffness is presented in figure 3b. As depicted in figure 3b, as the stay area reduces, the critical
buckling mode of the PSC changes from antisymmetric (Mode A) to symmetric (Mode S). At the
transition, the change in mode coincides with a sharp drop in Pult. This change in the buckling
mode is caused by the stays not being able to provide sufficient resistance against the column
mid-span from deflecting laterally, a factor that has been discussed extensively in previous works
[13,15].

(c) Probing analysis procedure
To establish the relationship between probing indices, drop in cable stiffness and in situ load-
carrying capacity, a comprehensive parametric analysis is conducted. The analysis procedure is
depicted in figure 4, showing how the probing landscape is explored. Specifically, the ultimate
capacity Pult of a PSC with different EsAs levels (by varying stay diameter φs) is examined with
probes applied at different locations along the main column and under varying levels of P/Pult,
where P is the applied axial load on the PSC and P/Pult is the utilization factor.

To capture the potential mode interaction in the probing path, a combination of symmetric
and antisymmetric eigenmodes from the linear buckling analysis are introduced as geometric
perturbations in the FE model. A sensitivity analysis on the size and profile of the perturbations
is conducted to ensure that the resulting equilibrium paths are physically meaningful, i.e. they
represent the minimum energy solution that is most likely to occur in practice and that no more
than one negative eigenvalue is detected in the stiffness matrix.

Within the parametric study, nonlinear analyses using the ‘Static, Riks’ solver within
ABAQUS are first conducted to determine the imperfection sensitivity of the PSC configuration
under consideration, i.e. its worst-case imperfection mode and the corresponding Pult. Having
established Pult, a separate multi-step analysis ensues. The first loading step utilizes the ‘Static,
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general’ solver accounting for nonlinear geometric effects to establish the equilibrium path of the
PSC until the service load is achieved. Subsequently, the ‘Static, Riks’ solver is employed to trace
the nonlinear equilibrium paths of the PSC under different probing forces.

3. Response under different probing locations

(a) ‘Perfect’ PSC
In the current section, the focus is on the behaviour of ‘perfect’ PSCs (with no geometric
imperfections and no loss of stiffness in the cables) under probing to reveal their mechanical
response, which is quite distinct from the well-studied shell systems. As shown in figure 2c,
probes providing purely horizontal loading (force or displacement) are applied at the 1/4 (PL1),
1/2 (PL2) and 3/4 (PL3) positions of the column height. Apart from probing the PSC at each
of these locations separately, an additional scheme is envisaged where a pair of probes at L/4
and 3L/4 is employed that apply loading in opposite directions (PL13o). The latter scheme is
required to probe in the direction of the critical buckling mode of perfect PSCs (antisymmetric
mode). Note that the probing scheme is different from the multiple-probe scheme in the authors’
preceding work [33]. Here, only one probe or a probe pair is needed, and each location is probed
sequentially.

Figure 5 presents the probing equilibrium paths under different axial compression levels
(namely, 60%, 70% and 80% of the ultimate load of the perfect PSC, Pult,p), when the PSC is
probed with layouts PL1, PL2 and PL13o, respectively. Generally, the probing equilibrium paths
are piecewise linear and divided by kinks that correspond to individual stays slackening on the
concave side of the overall deformation shape, as depicted by the dashed lines in the respective
insets. The slackening of the cables leads to a drop in the lateral stiffness of the PSC. For low levels
of axial compression (P/Pult = 0.6), the PSC resists the lateral probing with positive stiffness. For
greater levels of compression, the stiffness after the first or second kink may become negative.
In the probing approaches previously proposed for shells, the peak of the probing equilibrium
path, the ‘ridge’ curve in figure 1b, is used as an index to reflect the energy barrier between
the pre- and post-buckling equilibrium states. The equilibrium landscape is explored with a
single probe while varying the external compressive loads. As discussed previously, altering
in-service loads is not practically feasible in the real world. Moreover, since the post-buckling
response of PSCs can be interactive particularly when the critical mode becomes antisymmetric
[13–15], and at least three independent probes are required to impose and exert sufficient control
authority on their deformation [33]; therefore, the established single-probe approach [1,2,28]
cannot be adopted directly. In addition, reaching the ridge can require a relatively large probing
displacement or forcing magnitude if the lateral stiffness of the structure is large, which, in turn,
calls for appropriately sized, and hence expensive, probing systems.

Figure 6 depicts the relationship between the two proposed probing indices and the utilization
factor. Figure 6a presents the probe force at the first kink (where the first cable becomes slack),
while figure 6b presents the initial (lateral) stiffness of the probing equilibrium path with both
graphs being plotted versus the utilization factor P/Pult for three different probing schemes. Note
that an upper limit of P/Pult = 0.95 is set, which is considerably beyond the expectations for in-
service structures that are designed using limit state design methods. Generally, the two probing
indices, the force at the first kink and initial lateral stiffness, decrease monotonically with an
increase in P/Pult.

In the previous work on probing of axially compressed cylindrical shells, the maximum
stationary point in the probing force–displacement curve was used as a probing index [2]. The
locus of these stationary points for increasing axial compression is the aforementioned ridge and
is expected to intersect the zero probe force axis at the buckling point. By definition, the shell
provides zero stiffness to lateral probing at the buckling point because a localized force excites the
single-dimple buckling mode, which has no associated stiffness. For the PSC considered presently,
only the probe layout PL13o is expected to show this characteristic behaviour as it deforms the
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PSC in a mode sufficiently aligned with the asymmetric eigenmode. Indeed, the authors’ previous
work has shown that the initial stiffness for PL13o shown in figure 6b reaches zero for P/Pult = 1
[33]. This is not immediately evident from figure 6b as the quasi-linear trend becomes highly
nonlinear in the proximity of the critical point [27].

For a set compression level, the PSC exhibits distinct behaviours for different probing locations,
reflecting the lateral stiffness variation at the particular locations. Specifically, the probing force
required to reach the first kink is largest for PL13o and smallest for PL1. As for the initial
slope, PL13o corresponds to the greatest resistance to probing, while PL2 corresponds to the
least resistance. Note that the difference between each case is more pronounced for the initial
stiffness plot compared with the force at the first kink. Therefore, it is possible to estimate
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P/Pult by probing at different locations and measuring the two probing indices: (1) force at
the first kink and (2) the initial lateral stiffness to probing. Compared with the traditional
probing approach, where the probing location remains unchanged, and the compressive load
level applied on the structure is varied to obtain a sufficient number of data points for regression,
the approach proposed herein is adapted to be more convenient for in-service SHM purposes.
In light of the authors’ experimental experience on probing nonlinear structures [32], measuring
the slope of the probing path is less sensitive to noise since it can be approximated from multiple
data points and least-squares regression. By contrast, measuring the force at the kink is more
sensitive to noise as it relies on a single data point. Therefore, the initial probing stiffness
before the first kink is chosen to be the key probing index for the remainder of the present
study.

(b) Imperfect PSCs with cable area erosion
Section 2(b) shows that the erosion of the cable area leads to a significant drop in the load-carrying
capacity alongside a qualitative change in the failure mode of the PSC. In the current section, the
probing response of PSCs with different erosion levels in the cables and geometric imperfections
as described in §2 are studied. For simplicity, it is assumed that erosion is the same in all cables.
Since there is a significant load drop when the erosion in EsAs reaches 22.5% (see figure 3b), the
present focus is on EsAs erosion that is less than 22.5%. A more detailed analysis considering
different erosion rates for each cable is left for future work.

Generally, as EsAs drops, the initial probing stiffness decreases, as shown in figure 7. This
confirms that the initial probing stiffness is an appropriate probing index to assess the in situ
capacities of the PSCs. For perfect PSCs, the utilization factor P/Pult can be estimated by probing
in a single location, since the probing index corresponds to a unique P/Pult value. For imperfect
PSCs with a uniform erosion in EsAs, two probing measurements are required to infer the
utilization factor P/Pult and the erosion in the cables (%EsAs). In the following section, a machine
learning (ML) framework is developed to establish a link between measured initial probing
stiffness at two locations and the current utilization factor P/Pult and the percentage erosion of
EsAs in the cables. While the ML algorithm is first trained by conducting probing simulations at
different P/Pult levels, the application of the ML model for structures in-service effectively inverts
the process. By measuring the initial probing stiffness at two locations, both the utilization factor
and the erosion of the cables can be inferred.
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4. Machine learning framework
Note that the initial probing stiffness before the first kink corresponds to a specific component
of the experimental tangential stiffness defined by the authors’ preceding work on experimental
continuation [32]. Under the experimental continuation framework, an experimental tangential
stiffness matrix with reasonable fidelity (i.e. having a sufficient number of probes with
independent shape control authority) can describe the bifurcation properties of the tested
structure well. System identification through a computational or experimentally measured
tangential stiffness matrix of structures has been one of the fundamental methods for SHM
techniques [21]. However, the discrete experimental tangential stiffness matrix from experimental
continuation does not provide intrinsic information about the current utilization factor or possible
damage within the structure. Hence, even with an experimental tangential stiffness matrix of
sufficient fidelity, a system identification algorithm is required to establish the relationship
between key structural performance variables, i.e. the utilization factor and the location and
severity of the structural defects, and certain stiffness components. Presently, the plan is to
establish a relationship between discrete tangential stiffness components (probing indices) and
state variables, such as the utilization factor and the location and severity of structural defects, by
exploiting a ML algorithm.

It was identified in §3 that the probing index of the lateral probing stiffness before the first
kink uniquely correlates with the utilization factor P/Pult of the perfect PSC. For PSCs with cable
erosion, P/Pult can be uniquely estimated using the probing index measured at two different
probing locations. In the idealized scenarios modelled herein (with all cables eroding uniformly
and only geometric imperfections existing), a simple curve can be fitted to determine a one-to-one
relationship between P/Pult and the probing index. However, for PSCs in practice, many more
variables affect the load-carrying capacity including non-uniform erosion levels between cables
and loading imperfections. Indeed, a scenario may be envisaged where different combinations
of erosion levels between different cables lead to the same probing index at a single location.
As a result, the response surface between the probing index, P/Pult, and cable erosion would
become more complex. Although many different means for building this response surface exist,
a ‘proof-of-concept’ framework based on ML is presented herein.

From the authors’ perspective, a practical and pragmatic probing scheme should satisfy the
following requirements:

(i) being insensitive to environmental noise and imperfections;
(ii) the necessary probing force being as small as feasible while sufficiently large to be

measured reliably using practical sensors;
(iii) being simple and straightforward to install.

In consideration of the aforementioned criteria, the methodology that is proposed presently is to
probe PSCs at the most practically accessible locations on-site; namely, L/4 and L/2. As shown,
only a small probe force or displacement is required at these locations to determine the initial
probing stiffness accurately.

An artificial neural network (ANN) is developed for the ML model. The probing indices, i.e.
the slope of the probing equilibrium path before the first kink measured at L/4 and L/2, are the
inputs submitted to the ANN. After an initial study exploring the hyper-parameter space, the
ANN is set up with three hidden layers, the first two comprising 20 neurons each and the third
layer comprising 10 neurons. Two outputs are generated from the ANN, with the axial stiffness
of the cables EsAs determined after the second layer and the utilization factor P/Pult established
after the third layer.

The ANN is developed using TENSORFLOW with the high-level API KERAS to develop the
sequential model described [38]. To train the ML model, a total of 310 data points were generated
from the FE simulation results at each probing location, by varying P/Pult in 10 increments in
the range [0.5, 0.95], and 31 increments of EsAs/EsAs,p in the range [0.775, 1.0]. The results from
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probing the PSC at two locations were then split into a test set comprising 70% of the results to
train the ML model, with the remaining 30% used to validate the training model as an unbiased
test set. The ‘70–30’ split is executed with a random seed, using the train_test_split function in
SCIKIT-LEARN [39]. The hyper-parameter space of the ANN model was explored in detail and
examined using the Adam solver in TensorFlow with a learning rate of 0.001, a rectified linear unit
activation function and a mean absolute error loss function [38].

Figure 8a presents the utilization factor P/Pult, as determined from the FE simulation results,
on the ordinate compared with the prediction from the ML model on the abscissa. Figure 8c
presents a frequency distribution of the ML results normalized by the FE results, where a value
of unity on the abscissa indicates a perfect prediction. The results show excellent correlation,
with the distribution concentrated around a value of 1, indicating the accuracy of the approach.
The axial stiffness of the stays EsAs is also predicted with great accuracy, as shown in figure 8b,d,
achieved through fine-tuning of the ANN and ML hyper-parameters. Furthermore, the prediction
should, ideally, be enforced to always err on the safe side. This can be achieved by adopting
physics-informed ANN [40] and will form part of the future work. Such work will also include a
sensitivity study on the recommended sample size required to generate a sufficiently accurate ML
model for implementation in practical scenarios. Currently, the ML framework is demonstrated
to work very well where the reasons for structural deterioration are distinct and well defined.
Only extensive further research will be able to demonstrate whether the methodology is reliable
when several deteriorating factors interact, but the signs are positive at present. Finally, it is worth
noting that the ML model based on other input probing layouts (e.g. PL2 and PL13o), alongside
ML models utilizing the probing force at the first kink as input parameters, was also explored,
but no performance improvement was observed.

5. Discussion
The traditional probing technique was initially developed for axially compressed shells [22],
where the ultimate load of the structure is estimated based on probing the structure at various
compression loading levels. By contrast, the adapted probing method developed herein tackles
the inverse problem; determining the in situ utilization by probing the structure at different
locations at the same level of the axial load. The latter is particularly important for inferring
the structural utilization of a member in-service, where adjustments to the in situ loading
level are simply not practical. In addition, by not probing up to the maximum probing force
point (the ridge), the approach of using the initial probing stiffness as a probing index requires
much lower levels of probing force, and testing rigs only of a limited size would be necessary.
More importantly, the proposed method has a clear physical meaning from the perspective of
system identification through the evaluation of the experimentally measured tangential stiffness
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components of the tested structure. Therefore, the proposed technique is of general purpose and
can in principle be used for the non-destructive assessment of any structural form; the fidelity can
be improved by increasing the number of probing locations on the tested structure.

Currently, the accuracy of the ML estimation of the utilization factor P/Pult and cable erosion
from measurements of probing indices is entirely based on extensive simulations using a
nonlinear FE model to train the ML model. The accuracy of the numerical simulations is therefore
crucial for the success of the proposed method and would benefit from the development of a
‘digital twin’ in the future; this would be achieved through an extensive experimental testing
programme covering a variety of different erosion levels, such that the ML model is trained with
real-world, as well as simulated, data. Moreover, continual SHM techniques, for instance, those
used to detect visible defects and imperfections, alongside those using vibration-based techniques
to quantify their severity, can be used to enhance the quality of the ‘digital twin’ further. In
addition, the present work assumes that the probing system is infinitely stiff, i.e. only the PSC
deflects upon probing; this will of course need to be considered in future work using either in situ
optical measurements or, perhaps, by accounting for this differential deflection in the ML model.

It should be stressed that the actual loading on in-service structures often varies owing to
dynamic effects from the surrounding environment even over short-time scales. A robust noise
filtering technique would therefore be needed to eliminate these effects; such techniques have
been developed for vibration-based SHM [21] and, in principle, similar techniques could be
developed for the quasi-static probing approach.

As noted in figure 4, the generation of each data point requires the creation of a new FE
model, which consumes the majority of the current computation time. Moreover, the number
of parameters affecting the probing indices would be much larger than currently assumed and
the simulated data would need to represent a statistically relevant sample across the distribution
of each parameter. Exploring the parameter space using the nonlinear static solver in ABAQUS

would therefore be time consuming. To generate the simulated data in a more efficient way, a
generalized path following solver [41] could be adopted to trace any parameter influencing the
structure on a multi-dimensional solution manifold.

From the perspective of the general framework of SHM [42,43], the proposed probing system
provides an alternative technique for system identification and decision-making, which hitherto
has primarily relied on structural dynamics. The existing mature and widely accepted techniques
for data collection, transmission, storage, noise filtering and initial processing can and should be
integrated with the proposed method for its practical implementation.

6. Conclusion
The response of a three-bay PSC susceptible to complex mode interaction has been explored
using the probing concept. The influence of geometric imperfections and material deterioration
were considered using a nonlinear FE model developed within the commercial package ABAQUS.
The characteristic response of the perfect PSC to probing under different compression levels was
investigated. Several probing indices reflecting the load-carrying capacity of PSCs were proposed
to replace the maximum probe force initially considered for similar techniques applied to shells.
An extensive parametric study was conducted to establish how these probing indices evolved
with axial compression levels and the erosion in stay stiffness. Based on the numerical results,
a SHM method assisted by a ML algorithm based on the probing technique was proposed. It
was demonstrated that the trained ML model can provide an accurate prediction of the structural
utilization factor and the erosion in the cable stiffness of PSCs based on the probing indices at two
probing locations.

Compared with preceding probing techniques (ridge tracking and experimental continuation),
the proposed method is based on system identification through certain measured tangential
stiffness components of the tested structure. The key innovations and advantages are as follows:
(1) ‘shape control’ is no longer a requirement, i.e. the structure does not need to be probed in
a deformation mode that is true to the critical buckling mode and which may need the action of
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multiple coordinated probes, and instead of using multiple probes, a single or multiple sequential
probes are used at multiple locations; (2) only a relatively small probing force and displacement
are required to obtain the probing indices (essentially providing the initial stiffness of the probing
path) that reflect discrete tangential stiffness components; (3) regression through ML is adopted
to establish the relationship between probing indices and the utilization factor of in-service PSCs
alongside the erosion levels in their pre-tensioned cables.

Future work will develop a theoretical framework considering effects that couple between
the probing system and the monitored structure arising from the finite stiffness of the probing
system. In addition, the optimum layout of probe locations and the least number of required
probes will be investigated further, alongside extending the ML framework to account for further
environmental factors and associated uncertainties. Physical testing will also be conducted for
validating the theoretical framework alongside the effectiveness of the ML model. The ultimate
aim is to develop a health monitoring system that accurately returns the in-service structural
utilization factor of PSCs based on quasi-static probing techniques.

Data accessibility. The supporting data are available from this link: https://tinyurl.com/PPSCdata. The data are
provided in the electronic supplementary material [44].
Authors’ contributions. J.S.: conceptualization, formal analysis, investigation, methodology and writing—original
draft; L.L.: data curation, formal analysis, investigation, methodology and writing—original draft; M.A.W.:
conceptualization, methodology, resources, supervision and writing—review and editing; L.G.: resources,
supervision and writing—review and editing; A.P.: resources and writing—review and editing; R.M.J.G.:
conceptualization, methodology, supervision, writing—review and editing.

All authors gave final approval for publication and agreed to be held accountable for the work performed
therein.
Conflict of interest declaration. We declare that we have no competing interests.
Funding. J.S. was funded by The Leverhulme Trust through a Philip Leverhulme Prize awarded to R.M.J.G.
L.L. was funded by the President’s PhD Scholarship scheme from Imperial College London. R.M.J.G. was
funded by the Royal Academy of Engineering under the Research Fellowship scheme [RF\201718\17178].
The support of all funders is gratefully acknowledged.

References
1. Yadav KK, Cuccia NL, Virot E, Rubinstein SM, Gerasimidis S. 2021 A nondestructive

technique for the evaluation of thin cylindrical shells’ axial buckling capacity. J. Appl. Mech.
88, 051003. (doi:10.1115/1.4049806)

2. Virot E, Kreilos T, Schneider TM, Rubinstein SM. 2017 Stability landscape of shell buckling.
Phys. Rev. Lett. 119, 224101. (doi:10.1103/PhysRevLett.119.224101)

3. Belenya E. 1977 Prestressed load-bearing metal structures. Moscow, Russia: Mir Publishers.
4. Chan SL, Shu GP, Lü ZT. 2002 Stability analysis and parametric study of pre-stressed stayed

columns. Eng. Struct. 24, 115–124. (doi:10.1016/S0141-0296(01)00026-8)
5. De Araujo R, De Andrade S, Vellasco P, Da Silva J, De Lima L. 2008 Experimental and

numerical assessment of stayed steel columns. J. Constr. Steel. Res. 64, 1020–1029. (doi:10.1016/
j.jcsr.2008.01.011)

6. Krishnan S. 2020 Cable-stayed columns and their applications in building structures. J. Build.
Eng. 27, 100984. (doi:10.1016/j.jobe.2019.100984)

7. Osofero AI, Wadee MA, Gardner L. 2012 Experimental study of critical and post-buckling
behaviour of prestressed stayed columns. J. Constr. Steel. Res. 79, 226–241. (doi:10.1016/
j.jcsr.2012.07.013)

8. Serra M, Shahbazian A, Simões da Silva L, Marques L, Rebelo C, Vellasco P. 2015 A
full scale experimental study of prestressed stayed columns. Eng. Struct. 100, 490–510.
(doi:10.1016/j.engstruct.2015.06.033)

9. Saito D, Wadee MA. 2008 Post-buckling behaviour of prestressed steel stayed columns. Eng.
Struct. 30, 1224–1239. (doi:10.1016/j.engstruct.2007.07.012)

10. Saito D, Wadee MA. 2009 Numerical studies of interactive buckling in prestressed steel stayed
columns. Eng. Struct. 31, 432–443. (doi:10.1016/j.engstruct.2008.09.008)

 D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

13
 F

eb
ru

ar
y 

20
23

 

https://tinyurl.com/PPSCdata
http://dx.doi.org/10.1115/1.4049806
http://dx.doi.org/10.1103/PhysRevLett.119.224101
http://dx.doi.org/10.1016/S0141-0296(01)00026-8
http://dx.doi.org/10.1016/j.jcsr.2008.01.011
http://dx.doi.org/10.1016/j.jcsr.2008.01.011
http://dx.doi.org/10.1016/j.jobe.2019.100984
https://doi.org/10.1016/j.jcsr.2012.07.013
https://doi.org/10.1016/j.jcsr.2012.07.013
https://doi.org/10.1016/j.engstruct.2015.06.033
http://dx.doi.org/10.1016/j.engstruct.2007.07.012
http://dx.doi.org/10.1016/j.engstruct.2008.09.008


16

royalsocietypublishing.org/journal/rsta
Phil.Trans.R.Soc.A381:20220033

...............................................................

11. Wadee MA, Gardner L, Hunt TA. 2013 Buckling mode interaction in prestressed stayed
columns. Proc. Inst. Civ. Eng. Struct. Build. 166, 403–412. (doi:10.1680/stbu.12.00080)

12. Li P, Wadee MA, Yu J, Wu M. 2016 Stability of prestressed stayed steel columns with a three
branch crossarm system. J. Constr. Steel. Res. 122, 274–291. (doi:10.1016/j.jcsr.2016.03.007)

13. Yu J, Wadee MA. 2017 Mode interaction in triple-bay prestressed stayed columns. Int. J. Non-
Linear Mech. 88, 47–66. (doi:10.1016/j.ijnonlinmec.2016.10.012)

14. Wadee MA, Gardner L, Hunt TA. 2015 Buckling mode interaction in prestressed stayed
columns. Proc. Inst. Civ. Eng.—Struct. Build. 166, 403–412. (doi:10.1680/stbu.12.00080)

15. Saito D, Wadee MA. 2009 Buckling behaviour of prestressed steel stayed columns with
imperfections and stress limitation. Eng. Struct. 31, 1–15. (doi:10.1016/j.engstruct.2008.07.006)

16. Chang PC, Flatau A, Liu SC. 2003 Health monitoring of civil infrastructure. Struct. Health
Monit. 2, 257–267. (doi:10.1177/1475921703036169)

17. Koh B, Dyke S. 2007 Structural health monitoring for flexible bridge structures using
correlation and sensitivity of modal data. Comput. Struct. 85, 117–130. (doi:10.1016/
j.compstruc.2006.09.005)

18. Fan W, Qiao P. 2011 Vibration-based damage identification methods: a review and
comparative study. Struct. Health Monit. 10, 83–111. (doi:10.1177/1475921710365419)

19. Kulprapha N, Warnitchai P. 2012 Structural health monitoring of continuous
prestressed concrete bridges using ambient thermal responses. Eng. Struct. 40, 20–38.
(doi:10.1016/j.engstruct.2012.02.001)

20. Sun L, Shang Z, Xia Y, Bhowmick S, Nagarajaiah S. 2020 Review of bridge structural health
monitoring aided by big data and artificial intelligence: from condition assessment to damage
detection. J. Struct. Eng. 146, 04020073. (doi:10.1061/(ASCE)ST.1943-541X.0002535)

21. Carden EP, Fanning P. 2004 Vibration based condition monitoring: a review. Struct. Health
Monit. 3, 355–377. (doi:10.1177/1475921704047500)

22. Thompson JMT. 2015 Advances in shell buckling: theory and experiments. Int. J. Bifurc. Chaos
Appl. Sci. Eng. 25, 1530001. (doi:10.1142/S0218127415300013)

23. Hutchinson JW, Thompson JMT. 2017 Nonlinear buckling interaction for spherical shells
subject to pressure and probing forces. J. Appl. Mech. 84, 061001. (doi:10.1115/1.4036355)

24. Horák J, Lord GJ, Peletier MA. 2006 Cylinder buckling: the mountain pass as an organizing
center. SIAM J. Appl. Math. 66, 1793–1824. (doi:10.1137/050635778)

25. Audoly B, Hutchinson JW. 2020 Localization in spherical shell buckling. J. Mech. Phys. Solids
136, 103720. (doi:10.1016/j.jmps.2019.103720)

26. Ankalhope S, Jose S. 2022 Non-destructive prediction of buckling load of axially compressed
cylindrical shells using least resistance path to probing. Thin-Walled Struct. 170, 108497.
(doi:10.1016/j.tws.2021.108497)

27. Groh RMJ, Pirrera A. 2019 On the role of localizations in buckling of axially compressed
cylinders. Proc. R. Soc. A: Math. Phys. Eng. Sci. 475, 20190006. (doi:10.1098/rspa.2019.0006)

28. Thompson JMT, Sieber J. 2016 Shock-sensitivity in shell-like structures: with simulations of
spherical shell buckling. Int. J. Bifurcat. Chaos 26, 1630003. (doi:10.1142/S0218127416300032)

29. Groh RMJ, Pirrera A. 2019 Spatial chaos as a governing factor for imperfection sensitivity in
shell buckling. Phys. Rev. E 100, 032205. (doi:10.1103/PhysRevE.100.032205)

30. Shen J, Groh RMJ, Schenk M, Pirrera A. 2021 Experimental path-following of equilibria
using Newton’s method. Part II: applications and outlook. Int. J. Solids Struct. 213, 25–40.
(doi:10.1016/j.ijsolstr.2020.11.038)

31. Neville RM, Groh RMJ, Pirrera A, Schenk M. 2018 Shape control for experimental
continuation. Phys. Rev. Lett. 120, 254101. (doi:10.1103/PhysRevLett.120.254101)

32. Shen J, Groh RMJ, Schenk M, Pirrera A. 2021 Experimental path-following of equilibria using
Newton’s method. Part I: theory, modelling, experiments. Int. J. Solids Struct. 210, 203–223.
(doi:10.1016/j.ijsolstr.2020.11.037)

33. Shen J, Groh RMJ, Wadee MA, Schenk M, Pirrera A. 2022 Probing the stability landscape
of prestressed stayed columns susceptible to mode interaction. Eng. Struct. 251, 113465.
(doi:10.1016/j.engstruct.2021.113465)

34. ABAQUS. 2014 Version 6.14. Providence, RI: Dassault Systèmes.
35. Riks E. 1979 An incremental approach to the solution of snapping and buckling problems. Int.

J. Solids Struct. 15, 529–551. (doi:10.1016/0020-7683(79)90081-7)

 D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

13
 F

eb
ru

ar
y 

20
23

 

http://dx.doi.org/10.1680/stbu.12.00080
http://dx.doi.org/10.1016/j.jcsr.2016.03.007
http://dx.doi.org/10.1016/j.ijnonlinmec.2016.10.012
https://doi.org/10.1680/stbu.12.00080
http://dx.doi.org/10.1016/j.engstruct.2008.07.006
http://dx.doi.org/10.1177/1475921703036169
http://dx.doi.org/10.1016/j.compstruc.2006.09.005
http://dx.doi.org/10.1016/j.compstruc.2006.09.005
http://dx.doi.org/10.1016/j.compstruc.2006.09.005
http://dx.doi.org/10.1016/j.engstruct.2012.02.001
http://dx.doi.org/10.1061/(ASCE)ST.1943-541X.0002535
http://dx.doi.org/10.1177/1475921704047500
https://doi.org/10.1142/S0218127415300013
http://dx.doi.org/10.1115/1.4036355
http://dx.doi.org/10.1137/050635778
http://dx.doi.org/10.1016/j.jmps.2019.103720
http://dx.doi.org/10.1016/j.tws.2021.108497
http://dx.doi.org/10.1098/rspa.2019.0006
http://dx.doi.org/10.1142/S0218127416300032
http://dx.doi.org/10.1103/PhysRevE.100.032205
http://dx.doi.org/10.1016/j.ijsolstr.2020.11.038
http://dx.doi.org/10.1103/PhysRevLett.120.254101
http://dx.doi.org/10.1016/j.ijsolstr.2020.11.037
http://dx.doi.org/10.1016/j.engstruct.2021.113465
http://dx.doi.org/10.1016/0020-7683(79)90081-7


17

royalsocietypublishing.org/journal/rsta
Phil.Trans.R.Soc.A381:20220033

...............................................................

36. Lapira L, Wadee MA, Gardner L. 2017 Stability of multiple-crossarm prestressed
stayed columns with additional stay systems. Structures 12, 227–241. (doi:10.1016/j.istruc.
2017.09.010)

37. Li P, Liu X, Zhang C. 2018 Interactive buckling of cable-stiffened steel columns with pin-
connected crossarms. J. Constr. Steel. Res. 146, 97–108. (doi:10.1016/j.jcsr.2018.03.037)

38. Abadi M et al. 2015 TensorFlow: large-scale machine learning on heterogeneous systems.
Software available from tensorflow.org.

39. Pedregosa F et al. 2011 Scikit-learn: machine learning in Python. J. Mach. Learn. Res. 12,
2825–2830.

40. Tao F, Liu X, Du H, Yu W. 2020 Physics-informed artificial neural network approach
for axial compression buckling analysis of thin-walled cylinder. AIAA J. 58, 2737–2747.
(doi:10.2514/1.J058765)

41. Groh RMJ, Avitabile D, Pirrera A. 2018 Generalised path-following for well-behaved
nonlinear structures. Comput. Methods Appl. Mech. Eng. 331, 394–426. (doi:10.1016/
j.cma.2017.12.001)

42. Brownjohn J. 2007 Structural health monitoring of civil infrastructure. Philos. Trans. R. Soc. A
365, 589–622. (doi:10.1098/rsta.2006.1925)

43. Worden K, Farrar CR, Manson G, Park G. 2007 The fundamental axioms of structural health
monitoring. Proc. R. Soc. A 463, 1639–1664. (doi:10.1098/rspa.2007.1834)

44. Shen J, Lapira L, Wadee MA, Gardner L, Pirrera A, Groh RMJ. 2023 Probing in situ capacities
of prestressed stayed columns: towards a novel structural health monitoring technique.
Figshare. (doi:10.6084/m9.figshare.c.6373224)

 D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

13
 F

eb
ru

ar
y 

20
23

 

http://dx.doi.org/10.1016/j.istruc.2017.09.010
http://dx.doi.org/10.1016/j.istruc.2017.09.010
http://dx.doi.org/10.1016/j.jcsr.2018.03.037
http://dx.doi.org/10.2514/1.J058765
http://dx.doi.org/10.1016/j.cma.2017.12.001
http://dx.doi.org/10.1016/j.cma.2017.12.001
http://dx.doi.org/10.1098/rsta.2006.1925
http://dx.doi.org/10.1098/rspa.2007.1834
http://dx.doi.org/10.6084/m9.figshare.c.6373224

	Introduction
	Development of the probing methodology
	Probing as a generic technique for structural health monitoring

	Model development and analysis procedure
	Finite element modelling
	Imperfections and in-service performance deterioration
	Probing analysis procedure

	Response under different probing locations
	`Perfect' PSC
	Imperfect PSCs with cable area erosion

	Machine learning framework
	Discussion
	Conclusion
	References

